The association of birth weight with academic performance and cognitive ability has been studied for decades, and there has been controversy as to whether the observed positive relation (1-3) is spurious or causal (4) . Any association maybe confounded by a range of factors affecting both birth weight and academic performance, including genetics, socioeconomic position (SEP), parental intelligence, other maternal attributes, or subsequent experiences that correlate with birth weight. The observed positive association of birth weight with academic performance is usually attenuated after adjusting for SEP, suggesting that residual confounding might explain the association in observational studies (3) . Sibling studies, allowing better control for family background, have produced inconsistent results. Some studies have suggested that the association of birth weight with intelligence test scores becomes negligible after controlling for family or maternal effects (5) (6) (7) (8) , while another study suggested a within-family association remained among boys (9) . Several studies using comparisons within twin pairs have also been performed to disentangle environmental and genetic factors (10) (11) (12) (13) . However, conclusions were generally mixed, suggesting either little association of birth weight with academic performance (10) , a small association possibly confounded by genetic factors (11, 12) , or a slightly larger association throughout childhood and adolescence (13) . These inconsistent results could be due to inadequate statistical power in twin studies.
Instrumental variable analyses (IVAs), using an external variable as an instrument instead of assuming no unmeasured confounding, provide an alternative means of generating estimates of potentially confounded associations (14) . To our knowledge, no other studies have used IVA to examine the role of birth weight in academic performance. In this study, we first used genetic variants as instrumental variables (IVs) (Mendelian randomization) to examine whether people with genetically higher birth weight also have greater educational attainment, using summarized data from genomewide association studies (GWASs) of birth weight in individuals of European ancestry (15) and educational attainment in Caucasians (16) . We also used twin status as an IV for birth weight in the Chinese Children of 1997 birth cohort to obtain an effect estimate of birth weight on academic performance at approximately age 13 years, given twin status has been shown to be a potentially valid IV for birth weight in a previous study (17) .
METHODS

Data sources
Genetically determined birth weight and educational attainment. The association of genetic variants with birth weight (z scores) was obtained from the largest published GWAS of birth weight (up to 26,836 individuals of European ancestry) (15) . Genetic data on educational attainment have been contributed by the Social Science Genetic Association Consortium. The association of genetic variants with educational attainment was obtained from a GWAS of 126,559 Caucasians when they were very likely to have completed their education (95% of them were at least 30 years of age) (16) . Educational attainment was approximated by years of schooling and a binary variable for college completion (16) .
Twin status, birth weight, and academic performance from the Children of 1997 birth cohort. Hong Kong's Children of 1997 birth cohort is a population-representative Chinese birth cohort (n = 8,327) that covered 88.0% of all births in Hong Kong from April 1, 1997, to May 31, 1997. It has been described in detail elsewhere (18) . As of January 2016, 29 of the original 8,327 participants had permanently withdrawn. Birth weight was obtained from a self-administered survey conducted in 1997, and it was checked against the information retrieved from medical records held at the Maternal and Child Health Centers. Self-reported academic performance was obtained from a survey conducted when the participants were approximately 13 years of age by asking the question, "What is your usual academic performance at your current school or the last school where you received grades?" Academic performance was scored on a Likert scale of 1-6. Among the remaining 8,298 participants who had not withdrawn, 4,067 had complete data on birth weight and academic performance and were included in the analysis. Of these, 1.5% were twins (n = 62), close to the rate of twin pregnancy (1.8%) in Hong Kong in 1999 (19) . We used twin status (twin compared with singleton) as an IV for birth weight, as previously (17) , to obtain an effect estimate, which can have a causal interpretation under specific assumptions, of birth weight on academic performance. Under an additional homogeneity assumption (assumption 4)-that no unmeasured confounders of the association of birth weight with educational attainment/academic performance modify the association-the IV estimate can be interpreted as the effect of birth weight on average educational attainment/academic performance score in the population (known as average causal effect or average treatment effect) (20, 21) .
Validity of genetic variants/twin status as IV for birth weight. Referring to assumption 1, to obtain genetic variants which could serve as valid and independent IVs, we chose single nucleotide polymorphisms (SNPs) that were independently associated with birth weight at genome-wide significance (P value < 5 × 10
−8
). Correlations between these SNPs (linkage disequilibrium) were assessed from the online tool SNAP (22) . Referring to assumption 2, because genetic variants are inherited randomly at conception, we expect no unmeasured confounders of genetic variants and educational attainment. Referring to assumption 3, we checked for pleiotropic effects of the selected SNPs by assessing their phenotypes using Ensembl, a comprehensive genotype-tophenotype cross-reference (http://mar2016.archive.ensembl. org/) (23) .
To assess the credibility of twin status as an IV, we examined it against the assumptions given above (20) . We verified assumption 1 from the F statistic and R 2 from linear regression to assess the strength of the association of twin status with birth weight. An F statistic greater than 10 suggests an adequate IV with low risk of weak instrumental bias (24) . R 2 is rarely greater than 0.10 because an instrument strongly correlated with the exposure would be subject to the same confounding as the exposure but is often greater than 0.01 (25) . For assumption 2, we used independent t tests or χ 2 tests to assess whether twin status was associated with potential confounders. For assumption 3, we used linear regression to assess whether twin status was directly associated with academic performance after adjusting for birth weight. We examined whether the association of twin status with academic performance varied by birth weight. We also applied falsification tests to detect any inconsistency against assumptions 2, 3, and 4 because they are unverifiable (26) . First, we would expect the IV estimate to be smaller than the ordinary least squares (OLS) estimate under the prior assumption of potential positive confounding by SEP or maternal characteristics. Second, we examined whether any factor exists that modifies the association of twin status with birth weight, from the heterogeneity across strata and the significance of interaction terms. Third, we examined whether any factor exists that modifies the association of birth weight with academic performance, including sex.
Statistical analyses
The estimate of the effect of birth weight on educational attainment was obtained from separate sample IVA using summarized data that give the association of each SNP with birth weight and with educational attainment from 2 GWASs (27) . SNP-specific Wald estimates for birth weight on educational attainment were obtained as the ratio of the association of SNP with educational attainment to the association of SNP with birth weight (28) . The variance of these Wald estimates was approximated using Fieller's theorem, which gives the variance of a ratio (29) . Finally, the overall estimate was calculated by combining the SNP-specific Wald estimates using fixed-effect inverse-variance weighted meta-analysis (27) , giving beta coefficients for years of schooling and, for college completion, odds ratios with 95% confidence intervals per 100-g increase in birth weight. We performed the analyses excluding SNPs that might be associated with educational attainment other than via birth weight (i.e., presence of pleiotropic effects). We also conducted a sensitivity analysis using a weighted-median estimate, which may generate correct estimates even when 50% of the SNPs included violate the IV assumptions (30) .
We used 2-stage least squares with twin status as the IV to obtain an estimate of the average effect of birth weight on academic performance in children of approximately 13 years of age from the Children of 1997 birth cohort. We also performed OLS regression to provide a comparative estimate of the association of birth weight with academic performance, adjusted for gestational age, sex, birth order, maternal age at birth, mother's birthplace, maternal smoking, highest level of parental education, and highest level of parental occupation. Occupations were categorized in increasing levels as unskilled, semiskilled, skilled (manual), skilled (nonmanual), managerial, and professional. Approximately 50% of participants had missing data on academic performance, so we compared baseline characteristics between included and excluded participants and used inverse probability weighting as a sensitivity analysis in addition to an available-case analysis (31) . Ethical approval was obtained from the institutional review board of the University of Hong Kong/Hospital Authority Hong Kong West Cluster. All statistical analyses were conducted using Stata, version 13.1 (StataCorp LP, College Station, Texas), and R, version 3.1.1 (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
Based on the largest GWAS of birth weight to date, 7 uncorrelated SNPs reaching genome-wide significance were used to predict birth weight (15) . All 7 SNPs (rs724577 (LCORL), rs900400 (CCNL1), res1042725 (HMGA2), rs1801253 (ADRB1), rs4432842 (5q11.2), rs6931514 (CDKAL1), and rs9883204 (ADCY5)) had data available on associations with years of schooling and college completion. Web Table 1 (available at http://aje.oxfordjournals.org/) summarizes the information extracted for each SNP. Figure 1 shows the process we used for obtaining the relationship of genetically predicted birth weight with educational attainment. rs724577 and rs1042725 have potential pleotropic effects on height (32) . Height and birth weight may share genetic determinants and independently affect educational attainment, or birth weight may determine height, so we excluded rs724577 and rs1042725 from the analysis. Table 1 shows that, using an inverse-variance weighted summary estimate of the SNP-specific estimates, genetically predicted birth weight was not associated with years of schooling (per 100-g increase in birth weight, −0.006 years, 95% CI: −0.02, 0.01) or college completion (per 100-g increase in birth weight, OR = 1.00, 95% CI: 0.96, 1.03). There was some heterogeneity of estimates between SNPs (years of schooling: I 2 = 45.2%; P for heterogeneity = 0.12) (college completion: I 2 = 0%; P for heterogeneity = 0.61). Sensitivity analysis using a weighted-median estimate also showed null results (per 100-g increase in birth weight, −0.006 years of schooling, 95% CI: −0.02, 0.01; college completion: per 100-g increase in birth weight, OR = 0.98, 95% CI: 0.94, 1.02).
In the Children of 1997 birth cohort, mean birth weight was 2,509 grams for twins and 3,202 grams for singletons. The mean score for academic performance was 3.9 (standard deviation, 1.1). Twin status had an F statistic of 159 (P < 0.001) and R 2 of 0.04 for birth weight in the first stage of IVA (Table 2 ). Web Table 2 shows that twin birth was associated with higher birth order and older maternal age but not with mother's birthplace, maternal smoking, or SEP (highest parental educational or occupational level). Birth weight was positively associated with birth order. Children with mothers born in mainland China or without maternal smoking exposure had higher birth weight. Birth weight was not clearly associated with SEP. Using twin status as an IV, birth weight was not associated with academic performance at age 13 years (per 100-g increase in birth weight, −0.004 grade, 95% CI: −0.04, 0.04), adjusted for birth order and maternal age. Estimates remained similar when additionally adjusting for mother's birthplace, maternal smoking, highest parental educational level, and highest parental occupational level. OLS from an availablecase analysis showed a small positive association of birth weight with academic performance score at age 13 years (per 100-g increase in birth weight, 0.02 higher grade, 95% CI: 0.01, 0.03) adjusted for gestational age, sex, birth order, maternal age, mother's birthplace, maternal smoking, and SEP. Missingness on academic performance due to nonresponse to the survey was associated with maternal smoking and lower SEP. Sensitivity analysis using inverse probability weighting produced results similar to those of the available-case analysis, with the probability of being a complete case estimated by a logistic regression on factors predicting missingness. The association of twin status with academic performance did not vary by birth weight (P for interaction = 0.254). Twin status was not directly associated with academic performance after adjusting for birth weight (on a scale of 1 to 6, score = 0.05, 95% CI: −0.24, 0.34). Falsification tests failed to disprove twin status as a valid IV for birth weight. The IV estimate is smaller than the OLS estimate, which is consistent with our prior expectation of potential positive confounding. We did not find any factor that modified the association of twin status with birth weight, including sex, birth order, maternal age, mother's birthplace, maternal smoking, or SEP. We also did not find any factor that modified the association of birth weight with academic performance, including sex, birth order, maternal age, mother's birthplace, maternal smoking, SEP, or twin status (P for interaction >0.05 for all).
DISCUSSION
Our findings suggest no causal effect of birth weight on either educational attainment or academic performance using genetic variants and twin status as an IV, if the IVA assumptions hold. However, observationally, higher birth weight was associated with better academic performance. The null findings from IVA in this study are consistent with most sibling studies (5-8), but they also add to the evidence by showing null associations using 2 different approaches in different settings (i.e., examining genetic differences in large studies of Europeans and twin status in Chinese people).
We used IVA, which is less susceptible to residual confounding than observational studies. Nevertheless limitations exist. IVA requires stringent assumptions, which we were unable to address fully in our Mendelian randomization analysis using summarized data, including an important assumption for separate-sample IVA that the association of the genetic variants with the exposure is replicated in the population in which the association with the outcome is estimated (27) . However, we chose the genetic instruments for birth weight based on genome-wide significant SNPs, which should reduce the chance of false positives. Moreover, the 7 SNPs explain similar variance in birth weight in both Europeans and non-Europeans (15) , which should also replicate in participants in the Social Science Genetic Association Consortium. We used 2 largely separate samples, which should reduce the possibility of the spurious associations that could occur in a single-sample Mendelian randomization analysis due to an attribute of the underlying data structure. We also used samples of largely European descent with genomic control (33) , which controlled for the variation in allele frequency across population subgroups, hence reducing the possibility of spurious associations between genes and phenotype. We checked whether the genetic determinants of birth weight had pleiotropic effects likely to affect academic performance directly rather than through birth weight (exclusion restriction assumption) and thus excluded rs724577 and rs1042725, which is also associated with height, from the analysis. We also repeated the analysis using a weighted-median estimate, which may be more robust to invalid instruments (30) . We considered only fetal, not maternal, genetics, so the effects of specifically maternaldriven determinants of birth weight, such as maternal smoking, might be biased towards the null as mother and fetus share only half their genetic make-up. We conducted IVA on individual data using twin status as an IV for birth weight, which provided an alternative approach. Using an IV with an F statistic greater than 10 and R 2 greater than 0.01 offers some assurance that twin status is a strong predictor of birth weight, although the failure of falsification tests to reject other assumptions does not guarantee they are not violated.
Assumption 1, that twin status is associated with birth weight, is supported by both prior knowledge and demonstrated in our own data. With respect to assumption 2, that twin status is unrelated to confounders between birth weight and academic performance, twin status, as a random genetic event before the widespread use of assisted reproduction (34) , provides a theoretical justification for its use as an IV for birth weight. Moreover, in this study, we have shown that twin status was not associated with most maternal characteristics or SEP, although twin status was associated with birth order and maternal age at birth, which are relatively easy to measure precisely and were adjusted for in the IVA. Assumption 3, that there is no other pathway between twin status and academic performance except for that via birth weight, is harder to assess. In our study, twin status was not directly associated with academic performance after adjusting for birth weight, and we did not find that the association of birth weight with academic performance varied by twin status, although such tests could be underpowered given the small percentage of twins. There might exist pathways linking twin status to academic performance other than via birth weight. For example, twins might put greater strain on family finances than singletons. However, in Hong Kong, highquality education is provided at no cost to the family and is highly valued; educational success is also encouraged by parents. Another study using 3,411 twins and 7,796 singletons in a Danish cohort also suggested academic performance was similar in twins compared with singletons after adjusting for birth weight and that the association of birth weight with academic performance did not vary by twin status (10) .
Although fewer assumptions are required to calculate nonparametric bounds for the estimate, we did not present bounds here because that would have required us to dichotomize the exposure and outcome, which would reduce the amount of information available and likely result in a very wide interval for the effect estimate (35) . We did not have complete data on academic performance for the entire cohort. However, we used inverse probability weighting as a sensitivity analysis in OLS, which showed results similar to those of an availablecase analysis. Finally, despite using large studies from different settings, we cannot completely rule out any small effect of birth weight on academic performance. IVA could be underpowered to detect an effect of 0.02 score increase in academic performance per 100-g increase in birth weight, as observed in the OLS analysis from the Children of 1997 birth cohort.
IVA in this study showed consistent results with both genetic variants and twin status used as an IV, suggesting no causal effect of birth weight on educational attainment and academic performance in early adolescence, if the IVA assumptions hold. Similar to observational studies of singletons from the West (1-3), using conventional regression (OLS) we found a small positive association of birth weight with academic performance. There are 2 possible explanations for the difference between the results from IVA and those from conventional regression. First, the small positive association of birth weight with academic performance from OLS might result from positive residual confounding by SEP, parental intelligence, or other parental attributes. In most observational studies from Western settings, lower family SEP and a higher rate of maternal smoking are associated with both lower birth weight and lower intelligence (3, 7, 36) . The positive association of birth weight with academic performance is usually attenuated after adjusting for SEP (3) . A small within-twin study found a positive association of birth weight with childhood intelligence quotient within dizygotic twin pairs but not within monozygotic twin pairs (11) , which suggests genetic factors might relate to both birth weight and childhood intelligence quotient. In the Children of 1997 birth cohort, birth weight is not very clearly socially patterned (37) , which is consistent with the association found in OLS estimates being smaller than that from Western studies (1) . This interpretation is also consistent with our results using IVA being similar to results from other methods less open to residual confounding, such as sibling studies (5) (6) (7) (8) . Second, null findings from IVA might potentially be subject to biases arising from violation of the IVA assumptions. However IVA estimates may be less susceptible to false-negative results than false-positive results (38) . Our null findings from 2 completely different study designs in different settings provide more robust evidence of no or very little effect of birth weight on academic performance (38) . Finally, birth weight does vary between countries (39), but matching differences between countries in academic performance have not been reported, which is consistent with the null association between the birth weight and academic performance found here.
In this study using genetic variants and twin status as IVs for birth weight, the null association of birth weight with educational attainment and academic performance in early adolescence suggests that birth weight may not play a causal role in academic performance, if the IVA assumptions hold. The small positive associations found using conventional epidemiologic methods, such as OLS regression, are likely due to contextually specific residual confounding by maternal, social, and contextual attributes, which might be more important targets for increasing academic performance.
